The high frequency part of the depolarized light scattering susceptibility has been measured for ortho-terphenyl ͑OTP͒ in a broad temperature and pressure range and analyzed using the mode-coupling theory ͑MCT͒. We found that the time-temperature-pressure superposition does not work for OTP in the frequency range of the susceptibility minimum and both a and b exponents of the MCT are temperature and pressure dependent. The pressure induced shift of the position of the minimum is much weaker than that of the ␣-peak resulting in dT c /dPϭ8.5 K/kbar while dT g /dPϭ26 K/kbar. Thus any universal scaling of the entire susceptibility including both the ␣-peak and the MCT minimum is not possible. These results are in contradiction to the previously reported conclusions obtained from the analysis of incoherent neutron scattering data ͓A. Tölle et al., Phys. Rev. Lett. 80, 2374 ͑1998͔͒.
I. INTRODUCTION
A complete physical description of the physics of amorphous materials and the glass transition is important not only for practical purposes in the field of inorganic and polymeric glasses. It is also of great importance for other fields including food preservation, protein structure and function or water structure in the universe.
In most experimental and theoretical studies the structure and dynamics of supercooled liquids was investigated as a function of temperature on approaching the glass transition temperature T g . It is also possible to turn a liquid into glass by compressing it at a constant temperature. The pressure dependence of the structural relaxation ͑␣-process͒ of supercooled liquids has been measured by dynamic light scattering, [1] [2] [3] [4] dielectric spectroscopy, [5] [6] [7] [8] specific heat, 9,10 and viscosity. [11] [12] [13] Also the fast dynamics has been measured as a function of pressure by means of light and incoherent neutron scattering 2, 14 and the results were discussed in the framework of the mode-coupling theory ͑MCT͒. 15 In the temperature dependent studies of the dynamics of supercooled liquids both density and thermal effects are involved. The contribution of these effects can be separated if both temperature and pressure dependencies are measured. There is no theoretical model that describes the temperature and pressure dependence of the structure and dynamics of supercooled liquids using physically meaningful parameters. The effect of pressure on the behavior of these liquids is listed as one of the key problems in the field, in a review article on the glass transition. 16 Due to experimental difficulties the number of experimental publications is rather limited. Better understanding of the temperature and pressure dependence of the ␣-relaxation in van der Waals glass forming liquids [17] [18] [19] [20] [21] and the relative contributions of the temperature and volume effects 22, 23 has been achieved. In our earlier high pressure light scattering study on epoxy systems 17, 18 we show that a scaling plot normalizing the temperature and pressure dependence of the structural relaxation time can be constructed in a similar way as it was done for viscosity 24 and dielectric relaxation data. 25 Also the pressure effects on the fragility of epoxy systems ͑defined in different ways͒ have been discussed in our recent paper 18 on the basis of the temperature and pressure dependent dynamic light scattering data.
In this paper we report the depolarized dynamic light scattering studies of the high-frequency susceptibility of OTP under high hydrostatic pressure. We show that the pressure dependence of the susceptibility minimum is much weaker than that of the ␣ peak, in disagreement with previously published results.
In order to describe the temperature and pressure effects on ␣ the extended Vogel-Fulcher-Tammann equation has been proposed, 26 in which B parameter and the temperature T 0 were made pressure dependent:
͑2͒
Leyser et al. 9 have compared the temperature and pressure effects on the dynamics of supercooled OTP by means of specific heat spectroscopy measurements in the frequency range of 2-6.3 kHz. They have found that the ␣-relaxation cannot be described by the temperature and pressure dependent specific volume.
In the idealized MCT the shape of the susceptibility spectrum in the vicinity of the minimum, i.e., the MCT ␤-process above T c can be described by the interpolation formula 15 XЉ͑ ͒ϭ
where 0Ͻaр0.395, 0Ͻbр1, ͑3͒
min Љ and min are the amplitude and the frequency of the susceptibility minimum and the a and b exponents are related by the equation
where ⌫(x) is the ⌫-function. Close to T c the idealized MCT predicts the following scaling of the parameters min and min Љ :
where in the temperature dependent studies ϭ(T c ϪT)/T c and t 0 is a microscopic time of the order of 1/͑2͒ ps. 27 It is not clear how to define properly the parameter for temperature and pressure dependent studies.
III. MATERIALS AND METHODS
The depolarized dynamic light scattering spectra at all temperatures and pressures were taken at a scattering angle of 90°using a 6-pass Tandem Fabry-Perot Interferometer ͑JRS Scientific Instruments͒ and an optical system described in detail elsewhere. 28 The light source was an argon-ion laser operating in a single mode at ϭ514.5 nm at a power of about 400 mW. The incident and scattered beams were polarized vertically (V) and horizontally ͑H͒ to the scattering plane, respectively, using the Glan and Glan-Thompson polarizers. This geometry gives the depolarized ͑VH͒ DLS spectra. A narrow band interference filter was used in order to suppress the contributions of higher orders to the DLS spectrum. 29 The high pressure light scattering cell operating in the temperature range of Ϫ30 to 150°C and the pressure range of 1-2000 bar was described in detail elsewhere. 30 The pressurizing medium was nitrogen.
Ortho-terphenyl of 97.5% purity ͑Merck-Schuchardt͒ was purified by recrystallization from methanol solutions and vacuum distillation into the dust-free light scattering cells. 28 The purified sample was characterized by the glass transition temperature of 243 K and a melting temperature of 329 K. These samples were kept at room temperature for several years without crystallization.
IV. RESULTS AND DISCUSSION
The depolarized dynamic light scattering ͑DDLS͒ spectra of OTP were measured in the frequency range of 0.1-400 GHz and in the pressure range of 1-1000 bar. A set of DDLS susceptibilities measured at a temperature of 300 K and different pressures is shown in Fig. 1 . The following characteristic features can be seen in the spectra: A minimum which shifts to lower frequencies with increasing pressure, and a Brillouin peak corresponding to the transversal phonon.
In order to check if a simple scaling of the DDLS spectra with density is possible we have measured several spectra at the same density. The spectra taken at a constant density of 1.100 g/cm Ϫ3 are shown in Fig. 2 . The pressures and temperatures for the constant density were estimated using the pressure-volume-temperature ͑PVT͒ data of Naoki et al. 31 As one can see in Fig. 2 the shape of the susceptibilities is different, the minima do not coincide and the minimum at higher temperature is shifted to higher frequencies. Thus the density alone is not a proper control parameter. Similar conclusions concerning the scaling of the high-frequency DDLS spectra of isopropylbenzene have been already drawn by Li et al. 
A. MCT analysis of the DDLS susceptibilities
The DDLS spectra of OTP measured in the temperature range of 285-340 K, in the frequency range of 0.1-400 GHz and in the pressure range of 1-1000, bar were used for the analysis using the idealized MCT. 15 The temperature range close to the previously estimated T c ϭ290 K 28 at 1 bar, was chosen in order to be able to measure the pressure induced changes of the high frequency part of the DDLS spectra on FIG. 1. DDLS susceptibility spectra of OTP measured at 300 K and at pressures of 1, 215, 400, 600, 800, and 1000 bar.
approaching the ergodic-nonergodic transition predicted by the MCT. It has been shown earlier that the dependence of the glass transition temperature T g of OTP on pressure is given by dT g /dPϭ26 K/kbar. 10, 13 As a result of dynamic experiments different shifts of dT 0 /dP, amounting to 18 32 , 19 6 , and 29 K/kbar 9 have also been reported. The relationship between dT g /dP and dT 0 /dP is discussed in our recent paper. 21 Since the expected pressure effect on T c should be similar to that of T g , it should be possible to study the pressure dependence of T c and observe the ergodic-nonergodic transition in OTP in this temperature and pressure range. The experimental DDLS susceptibility spectra, from which the Brillouin peaks were removed, were analyzed in the vicinity of the minimum using the MCT interpolation formula ͓Eq. ͑3͔͒ in two ways: Using a free fit ͑Fit 1͒ and a forced fit (aϭ0.33, bϭ0.65) 27 ͑Fit 2͒ to the data in a limited frequency range around the minimum. The results of this analysis are given in Table I and shown in Fig. 3 ͑for 600 bar͒, accordingly. In all the data the parts of the spectra corresponding to the transversal phonons were removed for the MCT analysis. As can be easily seen in Table I and in Fig. 3 , the results of the free fits exhibit the following qualitative features: ͑i͒ At constant temperature ͑isothermal data͒: The exponent a increases with increasing pressure, being in most cases outside the MCT range (aϽ0.39) and approaching 1 at high pressure, while the exponent b decreases with increasing pressure, reaching unreasonable values ͑Ͻ0.2͒ at low temperatures; min Љ and min both decrease with increasing pressure. ͑ii͒ At a constant pressure ͑isobaric data͒: The exponent a decreases while the exponent b increases with increasing temperature. This kind of behavior is not consistent with the idealized MCT, in which both exponents a and b are interrelated ͓Eq. ͑4͔͒ and they must be constant. In any case FIG. 2 . DDLS susceptibility spectra of OTP measured at a constant density of 1.100 g/cm 3 . The temperature and pressure for each curve is indicated in the figure. in order to fulfill Eq. ͑4͒ they should either increase or decrease simultaneously. This is also in contradiction to the results of the incoherent neutron scattering study 14 in which a constant shape of the MCT ␤-process has been reported. Changes in the values of the a and b exponents have been observed earlier in temperature dependent studies at ambient pressure.
Let us discuss these features in some more detail: The exponent a is strongly pressure dependent and most of the a values are higher than allowed by the MCT: aϽ0.39. This might indicate that the high-frequency part of the susceptibility above the minimum (Ͼ min ) is dominated by a process which is not explicitly included in the idealized MCT, like the Boson peak or another very fast relaxational or vibrational process. Pressure induced changes of the Boson peak have been reported. 33 In low temperatures and high pressures the value of exponent b cannot be determined unequivocally because the relevant part of the susceptibility moves out of the frequency range of the instrument and the minimum gets very broad. This may be responsible in part for the unusual behavior of the fitted value of the b exponent: The exponent b strongly decreases with pressure, reaching values lower than 0.2 in low temperatures. We do not think that so low b values can be related to the increase in the width of the ␣-process ͑de-crease in ␤ KWW ) with pressure since no such behavior was observed in the high pressure PCS studies 32 where ␤ KWW Х0.6 was obtained at a similar temperature and a pressure of 1250 bar. The possible explanation of this behavior of the b exponent may be the presence of two relaxation processes ͑mechanisms͒ in this frequency range ͑␣-process and fast process, as suggested by us and another group earlier 28,34 -36 ͒ having different pressure dependencies. While the idealized MCT describes the contribution of the high-frequency wing of the ␣-process and the low frequency wing of the ␤-process to the susceptibility spectra for Ͻ min , the fast process is not taken into account. Since the fast process is related to much more local dynamics than the ␣-process, it should be changing much less with pressure. On the other hand the ␣-process depends strongly on pressure. As a result the relative contribution of the fast process to the susceptibility for Ͻ min may increase while the ␣-process is shifted to lower frequencies with increasing pressure. In this way the separation in frequency between these two processes increases with increasing pressure. Thus, the susceptibility for Ͻ min may correspond to the fast process and the intermediate range between the ␣-and the fast process. In such a case the b exponent can approach zero and is not directly related to the width of the ␣-process.
In order to compare our pressure dependent ͑isothermal͒ susceptibilities measured at 300 K with the temperature dependent ͑isobaric͒ ones measured previously at 1 bar, 28 we have forced fitted our data in a limited frequency range around the minimum with the same fixed values of exponents aϭ0. 33 and bϭ0.65 as in our previous studies. 28 The results of this analysis are given in Table I . The MCT forced fit with fixed values of exponents a and b is worse than the free fits despite the very narrow frequency range of the fit. The limiting slope of Љ() for Ͼ min is larger in the data than given by aϭ0.33. On the other hand the limiting slope of Љ() for Ͻ min in the data is lower than the one corresponding to bϭ0.65. As a result the position and amplitude of the minimum obtained from these forced fits are different from the real free-fit values, especially min is shifted to lower frequencies. In general the MCT forced fit with fixed values of exponents a and b is much worse in the case of the pressure dependent susceptibilities than previously for the temperature dependent ones.
The pressure dependence of the relaxation time of the ␣-process ␣ has been previously discussed 32 in terms of the activation volume and plotted as log ␣ versus pressure. In such a plot the slope: ‫(ץ‬log ␣ )/‫ץ‬Pϭ4ϫ10
Ϫ3 bar Ϫ1 at 303 K was obtained. 32 In the framework of the MCT the scaling time of the ␤-relaxation above T c is inversely proportional to the frequency of the susceptibility minimum: ␤ ϰ1/ min . The corresponding plot characterizing the pressure dependence of ␤ : log( ␤ ) versus P at 290, 300, 310, and 320 K is shown in Fig. 4 . The slope in this plot changes from 1.7 ϫ10 Ϫ3 bar Ϫ1 at 290 K to 0.9ϫ10 Ϫ3 bar Ϫ1 at 320 K. Thus, this slope is about three times lower than that for the ␣-relaxation, i.e., the pressure dependence of the susceptibility minimum is much weaker than that of the ␣-peak. process ͑Fig. 4͒ changes from about 90 ͑at 290 K͒ to about 50 cm 3 /mol ͑at 310 and 320 K͒. This is another evidence that the ␣-process and the high-frequency process in the vicinity of the susceptibility minimum as observed in the DDLS spectra are of different physical origin as discussed in our previous paper. 35 A similar observation of different pressure dependencies of the susceptibility minimum and the ␣-peak in the DDLS spectra has been reported for isopropylbenzene. 
B. Pressure dependence of T c
In order to test the scaling predictions of the idealized MCT ͓Eq. ͑5͔͒ and to determine the pressure dependence of the transition temperature T c , the position of the susceptibility minimum min 2a obtained from the free and forced fits was plotted versus temperature at constant pressures of 215, 400, 600, 800, and 1000 bar. As already mentioned before, the value of exponent a obtained from the free fits was temperature and pressure dependent. In order to be able to make the MCT scaling plot ͓Eq. ͑5͔͒ the value of a was fixed to a ϭ0.33 as obtained from our previous studies at 1 bar. 28 A typical scaling plot at 600 bar is shown in Fig. 5 . The predicted linear dependence of min 2a on temperature is well fulfilled in the temperature range of about 40 K above T c . The linear extrapolation defines the value of T c at this pressure.
Identical scaling plots have been made for all other pressures used in this study. The feature which emerged from this analysis was the pressure dependence of the slope of the scaling curve ͓Eq. ͑5͔͒. This dependence is shown in Fig. 6 . The change in the slope of the scaling curves ͓Eq. ͑5͔͒ might result from the increase of the microscopic scaling time t 0 with increasing pressure. Actually, a similar increase with pressure of the VFT time 0 ͓Eq. ͑2͔͒, which is of similar order of magnitude as t 0 , was observed by us for several glass forming liquids. As follows from the dependence shown in Fig. 6 any direct comparison of the high-frequency parts of the susceptibilities measured at an equal distance from T g ͑equal ␣ or viscosity͒ is meaningless and depends on temperatures and pressures chosen for this comparison. Thus, it is possible to obtain a shift of the min very similar to the shift of ␣ at a certain temperature and pressure. At other temperatures and pressures the shift of min can be either smaller or larger than the shift of ␣ , which is schematically shown in Fig. 7 . The two lines describe the pressure dependence of the min measured at 1 and 1000 kbar with slopes of 0.5 and 0.2, respectively. As one can see the temperature shift required in order to obtain the same position of minimum at these two pressures ͑i.e., the horizontal distance between these two lines͒ depends very much on the temperatures chosen for the comparison. This means that the characterization of the pressure dependence of the minimum position by superposing the susceptibilities measured at different temperatures and pressures is meaningless and inconclusive. A meaningful procedure is to estimate the T c values at different pressures and calculate dT c /dP for P→1 bar. This value, in turn, can be compared to the corresponding value of dT g /dP characterizing the pressure dependence of the ␣-process.
The pressure dependence of T c obtained from this analysis is shown in Fig. 8 where a point obtained previously at 1 bar 28 is also included. As one can see the T c value changes by about 8.5 K/kbar. Thus the pressure induced change in T c is much smaller than that of T g (dT g /dPϭ26 K/kbar 10, 13 ͒. The different pressure dependencies of T g and T c suggest that the two frequency ranges of the light scattering susceptibility corresponding to the ␣-process and the MCT ␤-process are related to different physical mechanisms. It is also clear that there is no scaling factor that can be used to superimpose the susceptibilities measured at different temperatures and pressures in the entire frequency range covering the ␣-and ␤-contributions. These conclusions are in contradiction to the results obtained previously by means of incoherent neutron scattering 14 where it was found that the pressure dependence of T c :dT c /dPϭ28 K/kbar is almost identical to that of T g and is more than three times larger than that observed in our experiment.
What could be the reasons for this discrepancy? As discussed above the magnitude of the temperature shift of the minimum compensating a given change of its position induced by pressure depends on the T and P values of the spectra taken for the comparison since the slope of the scaling plot: 2a versus T is pressure dependent. Thus, if one compares the susceptibility spectra measured only in a limited T and P range it might happen that for some selected T and P range the minimum will shift with pressure in the same way as the ␣-peak. Nevertheless, as it can be seen in our data covering broad T and P ranges the conclusion that the P-dependencies of both processes are the same is not correct. Another possibility is that in the neutron and light scattering experiments different physical processes are measured: The neutron scattering susceptibility is related to density fluctuations while the depolarized light scattering susceptibility measures the fluctuations of optical anisotropy ͑due to orientational dynamics, density fluctuations, and their coupling͒ through the first and second order ͑interaction induced͒ scattering mechanisms. There is also a difference in the complexity of procedures used in these two methods, while in DLS the determination of min is straightforward and is performed on rough data covering a broad frequency range, in neutron scattering the scaling time ͑correspond-ing to min ) can be obtained only after many parameter fits ͑where some parameters have to be fixed͒ to data covering only one to two decades in time-frequency. Thus the NS results are strongly model dependent and the systematic errors might occur.
In the idealized version of the MCT the scaling properties are expressed in terms of a scaling parameter ͓Eq. ͑5͔͒. In most of the previous studies performed at constant ͑atmo-spheric͒ pressure this parameter was expressed in terms of temperature: ϭ(T c ϪT)/T c and thus the scaling plots of min 2a versus temperature were made in order to obtain T c . In our study both temperature and pressure were changed so we can also express in terms of pressure: ϭ( PϪ P c )/P c , density: ϭ(Ϫ c )/ c as well as a parameter ⌫ϭT
An isothermal scaling plot: min 2a versus pressure at a constant temperature is shown in Fig. 9 . It is clear from Fig.  9 that a determination of P c from this scaling plot is difficult if not impossible. The dependence of min 2a on pressure is not linear; it is quite strong in low pressures getting weaker in higher pressures. Thus, the extrapolated ͑linearly͒ P c value depends very much on the pressure range used and increases strongly with increasing pressures. The nonlinear character of the dependence shown in Fig. 9 might result either from the fact that the exponent a is temperature and pressure dependent or depends on P in a different way than ϭ( P c Ϫ P)/P c or that P is not a correct scaling parameter, so that in either case this dependence is not meaningful in the sense of the idealized MCT. If we force-fit the data in Fig. 9 using a linear fit in our pressure range, the slope of the fit lines increases with increasing temperature. Thus, similarly to the isobaric representation of the data, we can conclude that any direct comparison of experimental susceptibilities measured at the same ␣ , viscosity, etc. is not conclusive and can be misleading.
The corresponding scaling plot of min 2a versus density is shown in Fig. 10 and leads to the same conclusions as that in Fig. 9 .
In order to check the applicability of the scaling with the parameter ⌫ϭϫT 1/4 the value of ⌫ c ϭ c ϫT c Ϫ1/4 ͑as in Ref. 14͒ was calculated for all the data points shown in Fig. 8 . However, in our case no constant value was obtained in contradiction to the neutron scattering data. 14 In the range of ( P c ϭ1 bar,T c ϭ290 K) and ( P c ϭ1000 bar,T c ϭ298 K) covered by our data the ⌫ c value increased ͑monotonically͒ by 3.1%, i.e., almost by the same amount as density which increased by 3.8%. Thus, it is clear that the term T Ϫ1/4 is not sufficient to compensate the increase of density and to make the ⌫ c value constant. In order to obtain a constant ⌫ c we would need a T c (1000 bar)ϭ336 K, or ‫ץ‬T c ‫ץ/‬ P ϭ46 K/kbar, which is much higher than our observed experimental value.
V. CONCLUSIONS
We have studied the temperature and pressure dependencies of the high-frequency susceptibility of OTP by means of depolarized dynamic light scattering-tandem Fabry-Perot interferometry. The experimental spectra were analyzed using the MCT. From our studies it is clear that the timetemperature-pressure superposition does not work for OTP in the frequency range of the susceptibility minimum: both exponents a and b are temperature and pressure dependent. This superposition principle also does not apply to the ␣-process in epoxy systems measured in a broad temperature and pressure range by means of high-pressure dynamic light scattering. 17, 18 The pressure dependence of the susceptibility minimum ͑MCT ␤-process͒ for OTP is much weaker than that of the ␣-process: dT c /dPϭ8.5 K/kbar, while dT g /dP ϭ26 K/kbar. Thus, it is not possible to superimpose the high-frequency susceptibility spectra using any scaling parameter related to the ␣-process. For some selected points ͑P,T͒ it might happen, that the scaling of the susceptibility minimum with ␣ seems to work, because the slope of the scaling plot ( min 2a versus T͒ depends on pressure, as already discussed above.
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